Introduction
One of the more familiar examples of cell-cell recognition is that between T cells and an antigenpresenting cell, which consists of a complex array of interprotein interactions that are just beginning to be unravelled [ 1, 21 . These interactions promote and support the recognition of foreign antigenic peptides bound to major histocompatibility proteins by specific T-cell receptor molecules. One component of this interface is the adhesion of the T-cell antigen CD2 to lymphocyte function-associated antigen-3 (LFA-3) (in the case of humans) [3, 41 or to CD48 (in the case of rodents) [S, 61 on the presenting cell. Human CD48 may also be a ligand for human CD2, although with lower affinity than LFA-3 [7] . The extracellular portions of LFA-3, CD2 and CD48 are all predicted to have similar structures [8] . Monoclonal antibodies to CD2 or to LFA-3 can block conjugate formation [9] , and certain pairs of anti-CD2 mAbs can effect an antigenindependent stimulation of the T cell, implicating CD2 in a signal-transduction role [lo-121. The adhesion role of CD2 has been shown to be mediated by the first N-terminal domain [ 131.
Hefore our structural work on the rat T-cell CD2 antigen, there were conflicting reports in the literature concerning the assignment of the protein to the immunoglobulin superfamily (IgSF) of cellsurface molecules [ 141. Williams and colleagues proposed, on the basis of sequence pattern analysis, that the extracellular portion of the CD2 antigen consisted of two domains with limited similarity to proteins with presumed immunoglobulin-like folds [8, 151 . In contrast, an alternative analysis, based on theoretical structure prediction and on limited biophysical studies (including circular dichroism) of the first domain of human 0 2 , led to the proposal Abbreviations used: IXA-3, lymphocyte function-associated antigen-.?; KMSD, root-mean-square difference; IgSF, immunoglobulin superfamily; rCD2.D 1, rat CD2 domain 1; NOESY. nuclear Overhauser effect spectroscopy; HOHAHA, homonuclear Hartmann-Hahn; HSQC, heteronuclear single quantum coherence; HMQC, heteronuclear multiple quantum coherence. ' To whom correspondence should be addressed. that CD2 is a member of a class of proteins containing both a-helical and /?-sheet secondary structure [ 16, 171.
Three-dimensional solution structure of rat CD2 domain I
We have determined the solution structure of the first domain of the T-cell antigen CD2 from rats (rCD2.D 1) using isotope labelling and multidimensional heteronuclear n.m.r. spectroscopy [ 181. A construct consisting of glutathione S-transferase [19] fused to a thrombin cleavage site (Leu-ValPro-Arg-Gly-Ser) and to residues 1-99 of rat CD2 was expressed as a soluble fusion protein in Escherichia coli at a level of around 40 mg/l. The fusion protein product was isolated from lysed cells by affinity chromatography on a glutathione-agarose column. After cleavage with thrombin, the rCD2.D 1 protein was obtained by affinity chromatography and gel filtration. The rCD2.Dl protein (consisting of residues 1-99 with an additional N-terminal GlySer dipeptide from the thrombin cleavage site) bound to two non-competitive monoclonal antibodies (MRC OX34 and OX55 [ l l ] ) with similar affinity to that of the extracellular domain of rat CD2 expressed in Chinese-hamster-ovary cells, indicating that the rCD2.Dl protein was correctly folded. The protein was also produced by expression in bacteria on a minimal medium with "Nlabelled NH,CI as the sole nitrogen source, yielding material suitable for two-and three-dimensional 15N-'H heteronuclear n.m.r. spectroscopy. An additional sample was also prepared, again with the bacteria on a minimal medium, but with 10% of the supplied glucose provided in a fully C6-' jc-labelled form. The biosynthetic processing of this substrate leads to stereospecific carbon-labelling patterns in the leucine and valine residues of the protein [20, 211. The labelling pattern allows stereospecific assignments of the methyl groups of leucine and valine residues to be made, leading to an improvement in the quality of the n.m.r. structures obtained. The pattern of labelling also permits the application of I3C relaxation measurements to investigate the side-chain dynamics in the folded protein (B. Kieffer and P. C. Driscoll, unpublished work). Note the lack of definition of the structure for a stretch of residues at the N-terminus leading into p-strand A and the C-terminal residue at the tail of /%strand G.
considerable improvement over the structures shown originally in [ 181 for which the corresponding pairwise backbone RMSI) figure was 0.133 nm (1.33 A). The improvement in the structures is derived in part from a rescaling of the distance restraints used previously, and in part from the incorporation of stereospecific assignments of leucine and valine methyl groups, due to the elimination of the requirement for several large pseudoatom correction factors. The structure of rCD2.I)l obtained from the n.m.r. solution structure calculations is clearly closely related to the V-type immunoglobulin fold that is seen for the hypervariable-loop-containing variable domains of immunoglobulins [28] , the first domain of CD4 [29, 301, and the extracellular globular portion of CIIX [17] . Thus the fold consists of a major anti-parallel P-sheet consisting of strands G, F, C and C' with strand A lying in a parallel fashion t o strand G, stacked upon a smaller threestranded anti-parallel P-sheet (strands D, E and H), as shown in schematic form in Figure 2 (a). The C" loop runs anti-parallel to strand C' and displays only limited characteristics of a regular anti-parallel P-sheet structure. The backbone core B-sheet region of the rCD2.D 1 structure superimposes very closely the core regions of a number of other IgSF V-type domains [18] with RMSD values for the superposition of 28 C" atoms that are typically in the range 0.08-0.15 nm (0.8-1.5 A). This correspondence in the core structures occurs in spite of the absence from the rCIl2.1) 1 structure of the consensus disulphide bond that is invariably formed between cysteine residues in strands 13 and F of the immunoglobulin fold. For rCD2.D 1, the consensus cysteine residues are substituted by Ile-18 in /3-strand €3 and Val-78 in /?-strand F. The side chains of these two residues form close hydrophobic van der Waals contacts and their C" atoms are separated by approx. 0.7 nm (7.0 A), within the range that is seen for the Cys C"-Cys C" distances for IgSF domains with the consensus disulphide bond [31] . In contrast to the similarity of the core structures, the loop configurations of rCD2.D 1 differ significantly from those observed for other members of the IgSF. These differences are due to the different numbers of amino acids in the loops in the case of rat CD2. Thus the 1)-E loop in rCD2 is very short, but this appears to be compensated by a longer €3-C loop, which adopts a rather convoluted structure with bulky methionine and phenylalanine side chains (Phe-21 and Met-23) filling the intersheet void where the D-E loop is truncated. The &strand is cut short in rCD2.Dl compared with, ( 0 ) The shading indicates the effects of mutations on the neuraminidase-treated erythrocyte-rosetting function of COS-cell-expressed human CD2 constructs Those residues for which non-conservative mutations block the rosetting are shaded dark grey and are labelled, while those for which a non-conservative mutation had no 
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Investigating the ligand-binding surface of CD2
The determination of the three-dimensional fold of rCD2.D 1 resolves the contradition between predictions of the structure [13, 15, 161 in favour of the method based on sequence pattern matching. The structure also allows the assignment of residues that are known to be important for the LFA-3 adhesion function in the case of human CD2 to the major p-sheet face of the domain. Thus several point mutations of human CD2 that lead to the elimination of the erythrocyte-rosetting capability of CD2-transfected COS cells have been identified previously [33-351. The side chains of these residues correspond to side chains in the homologous rat CD2 structure that are on the external surface of P-strands C' and F, as well as the F-G loop. Before the determination of the rCD2.Dl structure, it had been expected that these residues would be in positions corresponding to the hypervariable loops of the putative IgSF fold [33] . The interpretation of the mutations in terms of the rCD2.Dl structure presented here strongly implicates the face of the psheet consisting of strands C, C', F and G, and prompted us to initiate a program of targeted mutagenesis to explore further the adhesion surface of CD2 [36] .
In contrast to human CD2, rat CD2 does not cause rosetting of either sheep erythrocytes or neuramidase-treated human erythrocytes when transfected into COS cells. Thus, whereas human CD2 can adhere to either human or sheep LFA-3, rat CD2 shows no affinity for either form of LFA-3. Indeed the ligand for rat CD2 has now been identified as rat CD48 [6] , which has a human homologue that is distinct from LFA-3. The strategy of mutagenesis was to substitute residues from rat CD2 into the corresponding positions in human CD2, and then to search for human CD2 mutants that failed to support the rosetting of neuramidasetreated human erythrocytes when transfected into COS cells. A panel of 21 human CD2 mutants was constructed, including mutants at locations in both /?-sheet surfaces and the loops of domain 1 of human CD2 [36] . The results of the targeted mutagenesis study are shown in Table 1 . Non-conservative mutations in the C-C' and C" loops, and P-strand C", as well as in p-strands I? and D on the opposite P-sheet surface, have no effect on the rosetting capability of human CD2, and are therefore not expected to be involved in contacts with the CD58 molecule. In contrast, the K34D, E36R, R48K/K49R and K91T/N92R mutants, which involve substitutions of residues on the surface of the F-G loop and of p-strands C and C', lead to blocking of the rosetting function of human CD2.
The K82N mutation (P-strand F) also stops rosetting, but in this case the mutation leads to the introduction of a consensus N-linked glycosylation site (K82V83S84 becomes N82V83S84). The double mutant K82N/S84Q, which eliminates the glycosylation site through second-site mutation forms erythrocyte rosettes normally. This result strongly suggests that for the K82N mutant, the attachment of a bulky oligosaccharide to the asparagine residue leads to steric occlusion of the adhesion surface of human CD2.
A computer model of domain 1 of human CD2 was built using the Protein Design facility of the program QUANTA (Molecular Simulations Inc.) starting from the average co-ordinates of the family of n.m.r. rCD2.Dl structures [ 181. The only insertion in the backbone that was required was for two extra residues in the C-C' loop of human CD2. These were included by searching a library of loop structures derived from high-resolution protein X-ray crystal structures. Other residues with different side chains were substituted with maintenance of side-chain torsion angles where appropriate, and the model was subjected to two rounds of molecular dynamics and energy minimization to remove bad van der Waals contacts. Figure 2( b ) shows a space-filling illustration of the surface of human CD2 that is implicated in adhesion to LFA-3 by the results of both our mutagenesis studies and those reported previously [33-361. Using the computer model of domain 1 of human CD2, the side chains of residues that knock out the adhesion to LFA-3 when mutated are shown with dark shading. Residues for which mutation had no effect on erythrocyte rosetting are shown with light shading. The space-filling model is shown in the same orientation as the ribbon diagram of the rCD2.Dl structure that is shown in Volume 21 Table I Erythrocyte-rosetting ability of human CD2 mutants
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All substitutions are exchanges of the named residue in the human CD2 sequence for the residue in the corresponding position in the rat CD2 structure An asterisk indicates mutations selected t o produce non-conservative substitutions of amino acids in human CD2 AK41K42 denotes that residues K41 and K42 were deleted from the human CD2 construct, which shortens the C-C' loop to the same length as the loop in rat CD2 See Recently, the X-ray crystal structure of the complete extracellular portion of rat CD2 consisting of domains 1 and 2 has been determined [37] . The structure of the first domain is essentially identical to that determined by n.m.r. spectroscopy. Interestingly, in the crystal packing the rat CD2 molecules form a extensive dimer contact involving the side chains of the major GFCC' B-sheet surface as well as the main-chain backbone atoms of the C-C' and F-G loops. Whilst the details of this intermolecular interface are not entirely consistent with the results of our mutagenesis study of human CD2, it provides an enticing model for the rat CD2/CD48 and human CD2/LFA-3 complexes. N.m.r. experiments of the extracellular portion of rat CD48 to lSNlabelled rCDZ.Dl, with the aim of investigating the adhesion interaction in solution directly.
are in progress to demonstrate the effect of binding 95 1
The cell adhesion molecule CD2 is a member of the immunoglobulin superfamily (IgSF) of proteins that is expressed on T lymphocytes and natural killer cells of the mammalian immune system. A ligand for human CD2 is the widely expressed CD58 (lymphocyte function-associated antigen-3, 1,FA-3) glycoprotein [ I , 21, and early studies with monoclonal antibodies showed that this interaction contributes to the adhesion of T lymphocytes to target and accessory cells [3, 41 . In mice and rats, CD2 has been shown to bind to CD48. and in mice it
Abbreviations used: IgSF, immunoglobulin superfamily; I,FA-.3? lymphocyte function-associated antigen-3; sCL12, soluble form of CD2; sc'1>48-CD4. soluble chimeric form of rat CD4X.
appears that this is the principal ligand for CD2 [ 5, 61. Human CD2 also binds weakly to CD48, but the physiological significance of this interaction has not yet been determined [7] . The sequences of CD2, CD48 and CD58 are closely related [XI and this, together with the genomic organization of the genes encoding this family of molecules, implies that the genes arose by duplication from a common precursor that was involved in homophilic interactions
The physical basis of interactions between cell adhesion molecules is poorly understood. However, recent progress in studies of the structure and interactions of CD2 indicate that this system will be a useful model for understanding these processes. The initial data suggest that binding is not mediated ~91.
